A model of cognitive slowing is proposed with the following assumptions: Information is lost during processing, processing occurs in discrete steps with step duration inversely related to the amount of information currently available, and the effect of aging is to increase the proportion of information lost per step. This model correctly predicts a positively accelerated relation between latencies of older and younger adults and provides a unified account of the effects of task complexity, practice, speed-accuracy tradeoffs, and fluctuations in individual performance. Strong support for the thesis that cognitive slowing is global, and not localized in specific age-sensitive components, is provided by the fact that the model accurately predicts the latencies of older adults on the basis of those of younger adults, without regard to the nature of the task, across a latency range of nearly 2 orders of magnitude.
The slowing of behavior that is associated with advancing age has been characterized as "the most pronounced," "the most striking," "the most pervasive," and "the most reliable" phenomenon in the psychology of aging (to name but a few of the superlatives quoted by Salthouse, 1985a) . Age-related slowing is observed in the performance of most everyday and laboratory tasks. Moreover, age-related slowing is observed even when subjects of different ages are carefully matched for health status and other characteristics (see Birren, Woods, & Salthouse, 1985a , for recent reviews).
Although researchers in the psychology of aging have studied age-related slowing extensively, the phenomenon remains unexplained. suggested that if the slowness in speed of behavior had readily fitted the paradigms of other areas of experimental or social psychology, such a major phenomenon would by now have achieved the status of a mature topic in the science of psychology. From its failure to do so, one may infer that some aspects of the changes in the organization of behavior with age have not yielded readily to concepts borrowed from established areas of investigation, (p. 292) In particular, age-related slowing has not yielded to componential analysis, a major paradigm in the study of human informa-tion processing that is used to experimentally isolate cognitive processes (e.g, Posner & Mitchell, 1967; Steinberg, 1969) . Researchers have used componential analysis in an attempt to identify some uniquely age-sensitive component process or processes that would explain age-related cognitive changes. At first glance, the prospects for such an effort would seem favorable: Older adults are slower than younger adults on virtually all tasks, but the difference is much larger on some tasks (e.g, mental rotation) than on others (e.g, simple and choice reaction time). Such differential slowing might indicate that tasks associated with large performance differences involve component processes that are sensitive to aging, whereas tasks associated with small performance differences involve processes that are relatively insensitive to aging. However, as we shall show, the data do not support the existence of uniquely age-sensitive component processes. Rather, all processes seem to be age sensitive, confirming the hypothesis of general age-related slowing advocated by Birren (1965 Birren ( ,1974 . Support for the Birren hypothesis comes from the integrated results of many individual studies but is nicely captured in a single experiment by Salthouse and Somberg (1982a) . In this study, a basic memory-scanning task was complicated in three ways, each intended to affect one of three different component processes (encoding, comparing, and responding) . In every case, the effect of complicating a process was to increase the latencies of the older adults more than those of the younger •adults. In fact, for each experimental manipulation, the increase in latencies for older adults was nearly twice that for younger adults. If the ratio of the change in older adults' latencies to the change in younger adults' latencies is constant, then older adults' latencies must be a linear function of younger adults' latencies, at least over the range under consideration. Salthouse and Somberg (1982a) reported that an equation of this form accurately described all of their data. The signifi-cance of this observation is that it implies that older adults' latencies can be predicted from younger adults' latencies without regard to any specific information about the experimental condition or the component processes involved.
The finding that the latencies of older adults can be predicted without regard to task-specific information is by no means peculiar to this one study. In their pioneering meta-analysis, Cerella, Poon, and Williams (1980) examined the results of 18 published studies that used a wide variety of information-processing tasks and 54 groups of subjects in 99 experimental conditions. They found that the size of the Age X Task interaction was proportional to the size of the condition effect and, moreover, that older adults' latencies on any task could be accurately predicted from younger adults' latencies on the same task with a single linear equation. Distinguishing among six types of tasks and calculating six regression equations did not appreciably improve the accuracy of predictions.
These results are outstanding among the findings of experimental psychology in terms of the parsimony and the precision of behavioral description. However, it is important to determine the best mathematical representation of the relation between the latencies of older and younger adults before seeking an explanation for this relation. According to one interpretation, the data suggest the existence of two linear relations: One line describes performances on simpler sensorimotor taskstasks with shorter latencies-and a second line describes performances on more complex cognitive tasks-tasks with longer latencies (Cerella, 1985) . The first line has a smaller slope and a near-zero intercept; the second line has a larger slope and a negative intercept. An alternative interpretation is that all tasks involve cognition, although the amount required may vary, and that there is a single, positively accelerated relation between the latencies of older and younger adults (Hale, Myerson, & Wagstaff, 1987) . Hale et al. (1987) attempted to improve on previous reviews by establishing more objective criteria as suggested by Cerella et al. (1980) . In addition to examining all articles from a specific publication source (Journal of Gerontology) and time period (1975-1984) , Hale et al. selected for analysis only experiments in which the response involved a minimal motor component (i.e, pushing or releasing a button or key). This was done in order not to confound age-related cognitive changes with age-related motor changes (see Welford, 1977b , for a review). In addition, the age range of each group was made as narrow as possible while still providing a sufficient number of experiments for analysis. Hale et al. (1987) observed that the relation between the latencies of older adults (O) and younger adults (Y) in their carefully selected data set was not linear but was more accurately described by a power function, an equation of the form O = aY b . Hale et al. also examined the relation between the latencies of middle-aged and young adult subjects, and the results suggested that the exponent of the power function relating older adults' latencies to younger adults' latencies increases as a function of the age of the older group. More recently, it has been reported that power functions not only provide accurate descriptions of the relation between mean latencies of different age groups but also accurately describe the relation between the performances of an older individual and those of a younger adult group (Hale, 1988; Myerson, Hale, Hirschman, Hansen, & Christiansen, 1989) . Hale et al. (1987) termed their approach an allometric analysis after the method commonly used in comparative and evolutionary biology, of which the best known example is the nonlinear relation between brain size and body weight. (Allo means other, and the term refers to the search for an other-than-linear metric to describe the relation between two variables.) The results of Hale et al.'s allometric analysis strongly reinforce the major implication of both the Cerella et al. (1980) meta-analysis and the Salthouse and Somberg (1982a) experiment: Taskspecific information is not required to predict the latencies of older adults from the latencies of younger adults because all aspects of cognitive processing are affected by aging. The Hale et al. findings imply further that the relation between the latencies of older and younger adults is nonlinear and is well described by a positively accelerated power function.
The precise quantitative relation reported by Hale et al. (1987) , although important in its own right, also serves as an invitation to a more formal treatment of the effects of age on speed of information processing. Any theoretical treatment of this topic must explain why the relation between the latencies of older and younger adults takes the particular nonlinear form that it does. The simplicity of the relation between the performances of older and younger adults suggests that it may have something fundamental to tell us not only about age-related changes but also about information processing in general. The rest of this article is devoted first to the development of a theoretical account of age-related cognitive slowing and then to application of this account to the effects of other variables on the relation between the latencies of older and younger adults. In addition, we hope to shed some light on the mechanism underlying both fluctuations in individual performances and the effect of increasing task complexity, as well as the effects of practice and changes in speed-accuracy tradeoffs on response latencies in all individuals, regardless of age.
Cognitive Aging and Information Loss
We have recently developed a mathematical model that predicts the nonlinear relation between the latencies of older and younger adults and that explains why this relation remains the same across different tasks and different levels of performance. This model rests on four fundamental assumptions: (a) Information processing occurs in discrete steps, and a response latency represents the sum of the durations of the individual steps; (b) the duration of each processing step depends on the amount of information available at the onset of that step; (c) information is lost during processing; and (d) the most important effect of aging on the central nervous system is an age-related increase in the rate at which information is lost.
With regard to Assumption a, the steps to which we refer are intended to correspond to links in a chain of neuronal communication in which each neuronal ensemble in the chain corresponds to one step. These steps are not to be confused with the information-processing stages that are treated by componential analysis. Processing stages are likely to be made up of multiple steps, but all stages seem to be equally affected by aging. For the present purposes, therefore, no distinction has been made be-tween steps that belong to different stages. Models of reaction times frequently assume that response latencies consist of multiple steps, and these steps may not be functionally differentiated in such models (e.g, McClelland, 1979; McGill, 1963) .
With regard to Assumption b, it is well established that there is an inverse relation between reaction time and some variable that reflects either the intensity of or the difference between stimuli. This relation is often explained by hypothesizing that there is some threshold amount of information that must accumulate before a response can be made (see Luce, 1986 , for a review). If stimuli provide less information, then the subject must compensate by observing longer in order to accumulate enough information. Our model applies this idea to each step in the neural communication chain. That is, the neurons at each step act like "neural observers," which may compensate for less information in the signal received from the previous step by taking longer to observe this signal.
Consider a target neuron that receives information from a number of input neurons. Most neurons do not appear to simply send one brief message and then stop sending; rather, they tend to continue to signal for some time. Thus, if the target neuron required some threshold amount of information, and only some of the inputs were present or active, then the threshold might still be reached by accumulating information over a longer period. The time required to reach threshold would be equal to the time required if all inputs were active divided by the proportion that are active, assuming that the amount of information is directly dependent on the number of active inputs. Similarly, if all inputs were active but were transmitting information at a proportion of the original rate, then one would divide by that proportion.
With regard to Assumption c, we assume that just as no machine is 100% energy efficient, no information-processing operation is 100% information efficient. Consider the simple process of making a photocopy and then using this copy as the basis for making a second copy. This process, if repeated numerous times, results in progressive degradation of the image being reproduced. Even though there are compensatory image-enhancement processes that can be used, a serial reproduction process inevitably loses information. Our model generalizes this idea and states that what is true for simple replication is also true for other information-processing operations: Some (probably very small) amount of information will be lost with each step in the neural computation process.
With regard to Assumption d, we assume that, just as various physiological functions decline in efficiency with age (Shock, 1961) , information-processing operations also become less efficient with age. In particular, it is hypothesized that the rate at which information is lost increases with age. The increase in information loss that accompanies advancing age is not tied to any particular age-related neurological change. Rather, many different age-related changes in the central nervous system have been demonstrated that, separately or in combination, could contribute to a loss of information when a neuronal ensemble communicates with its target ensemble. These changes include decreases in the amount of neurons, synapses, transmitters, and receptors (e.g, Finch, 1988; Rogers & Styren, 1987; Severson, 1987) . Thus, various physiological and anatomical changes that occur with advancing age may have as their final common path the alteration of the information integrity of the nervous system, and this alteration provides a likely substrate for the general slowing of all stages of information processing. The precise implications of the age-related changes in information loss require the development of a formal mathematical treatment for their explication, and this is the topic of the next section.
The Information-Loss Model
The assumptions stated at the beginning of the preceding section identify two sources of variation in response latencies. Age-related differences in the proportion of information lost per step represent one source of variation, and we term our model the information-loss model in recognition of the importance of this factor. Differences in the number of informationprocessing steps represent a second source of variation, and we consider the paradigmatic example of this to be the effect of varying task complexity. The more complex the task, the more processing steps required to complete the task.
The preceding statement is obviously an oversimplification. Undoubtedly, some processing steps are inherently more timeconsuming than others. Consequently, a task involving fewer steps of longer duration could take longer than another task involving more steps of shorter duration. However, modeling necessarily requires simplifying assumptions that make for mathematical tractability. In the present case, this involves thinking in terms of an average information-processing step. Thus, on the average, more complex tasks will involve more steps. Similarly, although different steps may involve a greater or lesser amount of information loss, it simplifies the theoretical development to think in terms of an average loss, which in mathematical terms means treating the loss proportion as a constant.
The first assumption of the information-loss model is that the amount of time that a given task requires will be equal to the sum of the durations of the individual steps. Mathematically, this can be expressed as
where L equals the latency to complete a given task, n equals the number of steps required, and T k equals the duration of the fcth step. (Because information loss at a given step affects the duration of the subsequent step, the initial step is designated as Step 0, indicating that the next step is the first to be affected by information loss.)
The information-loss model also assumes that the duration of a processing step increases as the amount of information available decreases. This assumption may be expressed mathematically as
where 4 equals the proportion of information available at the klh step and D equals the minimum step duration that occurs when the proportion of information available equals 1.0 (i.e, when no information has been lost, as is the case for the initial processing step).
The preceding equation describes a mechanism that compensates for imperfections in neuronal communication. However, we believe that such compensation is incomplete and that some information inevitably is lost. For purposes of mathematical tractability, it is assumed that a constant proportion of information is lost per processing step. Therefore, the amount of information available with successive steps is given by
where / represents the initial amount of information and p equals the proportion of information lost per step. Information can be quantified in various ways, but for the present purposes we may sidestep the question of the correct metric for neural information. What is important from the point of view of our model is the proportion of information, not the absolute amount, and the form of the preceding equation is dictated by the effect of changing that proportion.
The preceding three equations can be combined mathematically and expressed as
The information-loss model that is expressed in open form by Equation 4 may also be expressed in closed form (i.e, without reference to the summation operator). This may be easily done because Equation 4 is a geometric progression. The formula for the sum, s, of n terms of a geometric progression is given by
where c is the first term and r is the common ratio between successive terms. Thus, the closed form of Equation 4 is given by
unless p = 0 (i£^ unless there is no information loss).
Equation 5 leads to the prediction of a nonlinear relation between the latencies of older and younger adults. The information-loss model assumes that the principal effect of aging is to increase the rate of information loss, which results in slower processing. In other respects, older and younger adults process information in a similar manner, and this similarity includes taking equal numbers of steps to accomplish the same information-processing task. Thus, to determine the relation between the performances of a group of older adults and a group of younger adults with different values for p, I, and D, one can solve each equation in L for n and then equate the two expressions. That is, (6) where the subscripts refer to the older and younger groups. Rearranging and exponentiating, one may obtain where Although the information-loss model as expressed by Equation 7 contains six parameters, a less complex model is needed for purposes of curve fitting. When terms involve ratios of parameters (e.g, D/I), the values of the parameters are indeterminate because a given ratio may reflect an infinite number of value pairs. Even a four-parameter model, which treats D/I as an age-specific parameter, may be overparameterized.
For purposes of curve fitting, we used two nonlinear modeling programs: BMDPAR in BMDP (Dixon & Brown, 1988) and NONLIN in SYSTAT (Wilkinson, 1988) . The BMDPAR program uses an iterative pseudo-Gauss-Newton algorithm and was run on a VAX 780 mainframe computer. The NONLJN program uses an iterative modified quasi-Newton algorithm and was run on an AT personal computer; it provided a check of BMDPAR results and was used to experiment with different starting values. Both programs failed to converge for the four-parameter version of Equation 7 with various starting values and data sets.
Therefore, we proceeded to develop a less complex model that would be more amenable to curve fitting and that would also permit us to evaluate the role of age-related differences in information loss apart from other factors, such as differences in the initial amount of information or differences in the speed of processing given equal initial information. Our less complex model was based on three assumptions. First, the proportion of information lost per step, even in older adults, is very small. Second, older and younger adults start with equal amounts of information. And third, the difference in information loss is the only difference between older and younger adults. That is, not only do older and younger adults take the same number of steps to complete a task, but also if equal amounts of information were available at each processing step (something that is assumed to be true only for the initial step), then step durations would be equal for older and younger adults. Although the latter assumption may appear strong, evaluation is possible.
If the loss proportions are very small (e.g, <0.10), (1 -p)/p may be approximated by \/p (its first-order Taylor series approximation) with a relative error of approximately p/(\ -p). Moreover, a first-order Taylor series approximation of ln(l -p) by -p suggests that b represents the ratio of the information-loss proportions for older and younger adults. (In fact, the relative error in the Taylor series approximation is approximately p/2 for p < 0.10.) If it is also assumed that both older and younger adults begin processing with equal proportions of information, which may be set equal to 1.0 or all of the information required to do the task, then we obtain This three-parameter model, Equation 8, was tested against a data set (see Table 1 ) similar to that analyzed by Hale et al. (1987) ' and against a second large data set, described in more detail later, originally reported by Cerella, DiCarra, Williams, and Bowles (1986) . The ratios of D 0 to D y , as calculated from the best fitting parameter values, were 1.208 and 1.036, respectively; the corresponding ratios of p a to p y were 1.540 and 1.473. These findings imply that the primary effect of aging is on the information-loss proportions and thus provide some justification for treating the initial step durations as equal
in the final stage of the development of our less complex model. Note that the expressions p 0 /D and p y /Z> represent the proportions of information lost per step divided by the duration of the initial step, that is, the initial rates, R 0 and Ry, at which information is lost. Note further that the ratio of information-loss proportions, p 0 /p,, is equal to the ratio of the initial information-loss rates; that is, R 0 /Ry = (pJD)/(p y /D) = pjp y . Thus, we obtain a less complex two-parameter model:
Tested against the revised Hale et al. (1987) data set, Equation 9 accounts for virtually 99% of the variance in the latencies of the older adults on diverse information-processing tasks (see Figure land Table 2 ). Equation 9 may be used to clarify the success of a simple power function in describing the relation between the latencies of older and younger adults. As the number of processing steps increases, the latencies also increase such that the Is contribute very little, and Equation 9 approaches Table 2) .
The predictions of Equations 9 and 11 may be contrasted with those of a linear function. Linear functions generally result in negative intercepts when used to describe the relation between the latencies of older and younger adults (e.g. Table 2 in Salthouse, 1985a) . Such intercepts imply that when a task takes younger adults very little time, older adults may be able to do it in less time or even "negative time." Whether this implication poses a serious problem for a linear description of cognitive slowing depends on whether such a reversal in the age difference is actually predicted within the range of latencies observed in psychological experiments.
The linear equation that best describes the data is shown in Figure 1 , along with the best fitting forms of Equations 9 and 11 (Table 2) . The functions are shown plotted on logarithmic coordinates that highlight the differences that occur when the latency values are very small. The linear equation (which, of course, is curved in logarithmic coordinates) predicts incorrectly that the latencies of older adults will be shorter than the latencies of younger adults for some of the observed values. For the task resulting in the fastest performance by younger adults (choice reaction time), the linear equation actually predicts that the latencies of older adults will be negative.
These results demonstrate that the problems associated with a linear model (i.e, predictions of faster responses for older adults) are not theoretical oddities that may be disregarded because they occur outside the range of interest. Rather, they are clear indications of the inadequacy of any theory that predicts a linear relation between the latencies of older and younger adults. Although a model that invokes two linear relations (Cerella, 1985) may avoid such embarrassment, it does so using four parameters, two more than appear to be necessary to accurately describe the relation between the latencies of older and younger adults.
Equation 11 also predicts that older adults' latencies will actually be shorter than younger adults' latencies when both are very short. However, this reversal occurs at the lower limit of the range of observed latencies. The information-loss model, on the other hand, implies that older adults will always take longer to process information than will younger adults, no matter how few steps a task requires. As may be seen in Figure 1 , only Equation 9 instantiates that implication. Note, however, that Equations 9 and 11 are virtually collinear over most of the latency range actually represented in the data, deviating only at the shortest latencies.
Equation 9 is to be preferred to Equation 11 on theoretical grounds. It makes the reasonable prediction that older adults are always slower, even in the initial stages of information processing, and this prediction is generally confirmed by electrophysiological studies of average evoked potentials (see D. B. D. Smith, Thompson, & Michalewski, 1980 , for a review). More-1 The studies listed in Table 1 are the same as those included in Analysis 1 of Hale, Myerson, and Wagstaff (1987) , with two exceptions. It has recently come to our attention that the data reported in Hoyer, Rebok, and Sved (1979, Table 2 ) are summed across three trials (both correct and incorrect trials), and each latency included both the subject's and the experimenter's reaction times. Consequently, these data have been omitted from our analysis. We thank George Rebok for his help in clarifying this matter. To maintain a broad range of latencies, we added data from another study (Sharps & Gollin, 1987) in which very long latencies were observed. In the Sharps and Gollin study, performances of older and younger adults were most nearly equivalent in accuracy when the older group was instructed to make decisions as accurately as possible and the young adult group was instructed to make decisions as accurately and as quickly as possible; the data from these conditions are included in our analysis. These changes do not appreciably alter the form or precision of the relation reported in Hale et al. (1987, see Figure 1 and Table 2 ). A fit of the present data set, using orthogonal polynomials, indicated the presence of a statistically significant quadratic component, suggesting that there is curvature in the data. No higher order components were significant. (1987) \oung ( Table 1   4  Table 2 9 Figure 2 10 Figure 2 2 Table 1   6  Table 2 2 Table3  8 Figure 2 Table 2 1' Table 1 Cerella, DiCarra, Williams, & Bowles ( Choice reaction time Figure 2 * Data represent young and old groups performing with equal accuracy. * Data are from high-incentive condition only. c Ages were not given for Experiment 3, but except for die addition of a second block of trials, all aspects of Experiment 3 were identical to Experiment 2. Data for performance at 60%, 70%, 80%, and 90% accuracy were estimated by interpolation from speed-accuracy tradeoff functions.
over, it provides a basis for understanding why a power function provides a good description of the relation between latencies of older and younger adults. Finally, when Equation 11 is used, Equation 9 provides an interpretation for the value of the exponent, which according to the information-loss model represents the ratio of information-loss rates in older and younger adults. ]. Parameters for all three fitted functions are given in Table 2 .)
Applications and Implications
Whereas an individual's information-processing "hardware" may be characterized by the initial step duration (D) and loss proportion (p) parameters of the model, the "software" used in a particular performance may be characterized by the number of processing steps completed prior to a response. This number varies with the nature of the task, but it may also vary randomly, or decrease with practice, or be adjusted by an individual on the basis of the relative importance of fast versus accurate performance. With respect to aging, we have assumed that although older adults differ from younger adults in the rate of information loss, in other respects their processing is very similar. Therefore, both age groups will execute the same number of processing steps given similar conditions. This assumption provides the basis for the treatment that follows.
Recently we have suggested that it is not just the mean or median performances of an older group that can be predicted from those of a younger group. The best and worst performances of older adults may be predicted from the best and worst performances of younger adults just as accurately as average performances can be predicted (G. A. Smith, Poon, Hale, & Myerson, 1988) . G. A. Smith et al. reanalyzed the raw data from a study originally reported by Cerella et al. (1986) that compared the performances of older and younger women on various information-processing tasks (see Table 1 ). G. A. Smith et al. determined each individual's 10th, 25th, 50th, 75th, and 90th percentile latencies, and then group means were calculated for each percentile on each task. When the 10th, 25th, 50th, 7 5th, and 90th percentile performances of the older group are plotted as a function of the corresponding performances of the younger group, the points all fall along the same curve. This relation can be seen in Figure 2. (To make it possible to distinguish among the different percentiles, only the best, average, and worst performances-i.e, 10th, 50th, and 90th percentiles -are shown) The solid line is based on Equation 9, with the parameters that produced the best fit, and is of the same form and has approximately the same parameter values as those used to describe the data from the previous analysis. In contrast, linear and power functions lead to quite different parameter estimates for the two data sets (see Table 2 ; note especially the changes in the multiplier of the linear function and the exponent of the power function).
The observation that a single function describes the relation between the best, average, and worst performances of older and younger adults suggested to G. A. Smith et al. (1988) that trialby-trial fluctuations in performance may be functionally equivalent to performance changes that result from manipulating task difficulty That is, the best performances of both older and younger adults are like latencies on an easier task, and their worst performances are like latencies on a harder task: The former takes both groups fewer steps and the latter takes both groups more steps than are involved in average performance. If this is so, then the information-loss model may explain why the relations between the best and worst performances of older and younger adults should be collinear with the relations between the average performances of older and younger adults. Whenever the number of steps required for task performance varies, because of changes in the task or simply because difficulty fluctuates from trial to trial, the number of steps for both groups varies equally and simply moves the data up or down the curve of the function relating the latencies of older and younger adults. Table 1 . The curved line is the best fitting function based on the informationloss model [Equation 9 ]. Parameters for this function are given in Table 2 .)
The information-loss model predicts similar consequences for any manipulation that alters the number of informationprocessing steps. Older adults will not take more (or fewer) steps than younger adults as a result of such a manipulation. Both groups will be equally affected in terms of number of steps. However, the latencies of older adults will be more affected because the processing steps of older adults take longer than those of younger adults. If the relation between the latencies of older and younger adults is known, based on manipulation of task complexity, then any other manipulation of the number of steps will change the latencies but not the relation. Consequently, the resulting points will continue to fall along the original curve.
To test this prediction, we sought another manipulation that altered the number of steps without changing the nature of the task. Practice appears to be such a manipulation. It has been suggested that the effect of practice is to decrease the number of steps involved in task performance (Newell & Rosenbloom, 1981; Shrager, Hogg, & Huberman, 1988) . If older adults differ from younger adults principally in the rate of information loss, but do not differ greatly in any other way, then learning should proceed similarly regardless of age. That is, individuals given equal amounts of practice should improve their performances on cognitive tasks by decreasing the number of processing steps equally, regardless of age. This will, however, result in greater decreases in latency for older individuals because their steps are of greater duration. This prediction is generally confirmed by studies providing for more than minimal practice (e.g, Jordan & Rabbitt, 1977; Poon et al. 1976 ). Studies of speeded tasks like digit-symbol substitution, which generally report equal improvements in response rate (Beres & Baron, 1981; Erber, 1976; Grant, Storandt, & Botwinick, 1978) , are also consistent with this prediction when speed (i.e., responses per second) is converted to latency (see Baron, 1985 , for a discussion of this issue).
Although the qualitative finding of greater decreases in latencies of older subjects following practice is consistent with the information-loss model, the model actually makes a more precise, quantitative prediction. That is, the same function that describes the relation between the latencies of older and younger adults when task complexity is varied should also describe the relation between the latencies of older and younger adults when the amount of practice is varied. The ideal experiment for evaluating this prediction is one in which both task complexity and practice are varied. Such studies are rare, but we have reanalyzed the results of one such exemplary investigation by Salthouse (1978) from the current perspective. The Salthouse study consisted of three related experiments in which the complexity of digit-symbol substitution tasks was manipulated by varying (a) the number of digit-symbol pairs and (b) the nature of the response. In one version of the task, subjects had only to indicate whether a symbol provided by the experimenter was correct, whereas in another version subjects had to write the correct symbol. In addition, the third experiment consisted of two blocks of trials, and the results of the first block were analyzed separately from the results of the second block. We also included the data from another study of practice on digit-symbol substitution by Grant et al. (1978) in our analysis; although this study only used one level of complexity, the effect of practice was examined with five blocks of trials.
The results of manipulating task complexity are similar to those previously described for such manipulations and are shown in the top panel of Figure 3 . The relation between the unpracticed performances of older and younger adults is well described by the information-loss model (Equation 9) with parameters similar to those for our previous data sets (see Table  2 ). As may be seen in the bottom panel of Figure 3 , the relation between the performances of older and younger adults when task complexity is varied accurately predicts the relation between such performances when practice is varied. Open and solid triangles represent the unpracticed and practiced performances, respectively, of the same older and younger adults at four levels of task complexity in the third experiment of Salthouse's (1978) investigation, and the curve is the function that best described the data shown in the top panel. As practice reduced latencies of both groups, it also reduced the size of the age difference, and the data points "slide down" the curve that was determined by the unpracticed performances only. The same result occurs in the other study of practice on digit-symbol substitution by Grant et al. (1978) . The first block of trials is indicated by the open square, and the blocks of successively more practiced performances are indicated by the solid squares. Again, all of the data points fall along the curve that describes the effect of task complexity on unpracticed digitsymbol substitution performance. 
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YOUNG ADULT LATENCY (sec) Figure 3 . Digit-symbol substitution latencies (seconds per symbol) of older adult groups as a function of younger adult groups in the same experimental conditions. (Data are from studies conducted by Grant, Storandt, & Botwinick, 1978, and Salthouse, 1978; see performances by the same subjects. The curved line shown in both panels represents the best fitting function based on the informationloss model [Equation 9 ], fit to the data from the unpracticed performances shown in the top panel. Parameters for this function are given in Table 2 .)
The results of these two studies are clearly consistent with the information-loss model. The change in performance that is observed when the task is held constant and practice is varied is functionally equivalent to the change in performance that is observed when the task is varied but practice is held constant. The former may be accurately predicted from the latter. According to our model, this equivalence holds because both kinds of changes result from an effect on the number of processing steps, and older and younger adults are affected equally in this regard. However, the latencies of older adults are affected more because the durations of their steps are longer. Consequently, although older adult performances are affected more adversely by increases in task complexity, they benefit more from practice.
The decrease in accuracy that accompanies increases in speed (e-g, Pachella, 1974; Pew, 1969) may also be interpreted in the light of the information-loss model. Previous treatments of the speed-accuracy tradeoff have typically assumed that signals are received at some rate and that, as time passes, the number of signals increases, resulting in increasing certainty about the correct response (see Luce, 1986 , for a review). If a subject responds very quickly (i.e, before much certainty has been achieved), then there is greater likelihood of an error. Waiting longer results in greater certainty and less likelihood of error. Our treatment is similar except that it assumes that greater certainty is achieved not as more signals are received but as processing proceeds to a higher level, that is, as more steps are completed.
What is significant about the treatment of the speed-accuracy tradeoff in terms of the information-loss model is that it predicts the relation between the latencies of older and younger adults as accuracy is varied. As just indicated, this treatment assumes that when the task is held constant, accuracy depends primarily on the number of steps completed. Thus, equal accuracy levels imply equal numbers of steps, and the informationloss model predicts the relation between the latencies of older and younger adults that emerges when the number of steps is varied simultaneously for both age groups.
We have reanalyzed the data from an experiment by Salthouse and Somberg (1982b) in which the relation between response latency and accuracy on a choice reaction time task was compared in younger and older adults. The procedure required subjects to place their responses within specific time windows, and the mean latency and accuracy of responses within those windows was determined. By interpolation, it was possible for us to calculate the latencies that would be predicted at 60%, 70%, 80%, and 90% accuracy for each age group and to determine the relation between the performances of older and younger adults on the same task when speed-accuracy tradeoff was varied. The results of this analysis are presented in Figure 4 .
If variation in the number of processing steps is the mechanism underlying the exchange of accuracy for speed, just as we hypothesize it is the mechanism underlying the effect of task complexity, then the data from the Salthouse and Somberg (1982b) study should fall along the same function as that which described the data from the studies represented in Figure 1 . As may be seen in Figure 4 , the results support the informationloss model's treatment of the speed-accuracy tradeoff. In con- Salthouse & Somberg, 1982b , and correspond to performances at 60%, 70%, 80%, and 90% accuracy [see Table 1 ]. The curved line is the prediction based on Equation 9, fit to the data shown in Figure 1 . Parameters for this function are given in Table 2. ) trast, the linear and power functions that described the data in Figure 1 failed to predict the Salthouse and Somberg (1982b) data. These findings also underscore the importance of comparing older and younger adults when the levels of accuracy are comparable. Under such conditions, the same function may be used to predict the performances of older adults on the basis of those of younger adults over a latency range from just over 200 ms (choice reaction time, Salthouse & Somberg, 1982b ) to nearly 20 s (three-dimensional mental rotation, Sharps & Gollin, 1987) , which is almost two orders of magnitude! Discussion Previous attempts to explain the slower responding of older adults may be placed into three categories: those that propose there is no real difference in information-processing capability, those that propose that the difference is specific to certain component processes, and those that, like our hypothesis, propose that the difference is common to all information processing. The general consensus among researchers today is that there is a real difference between the processing capabilities of older and younger adults (e.g, Cerella et al, 1980; Salthouse, 1985a; Welford, 1984) . The question, then, becomes whether this difference is specific to certain stages of processing or characteristic of all processing. If specific stages of processing were affected by aging, then presumably one would have to know the nature of a specific task to determine whether it involved the affected stages before one could predict whether there would be an age difference. The fact that older adults' latencies may be predicted from younger adults' latencies without regard for the specific nature of the task (Cerella et al, 1980; Hale et al, 1987; G. A. Smith et al, 1988) clearly supports the view that the age difference in latencies represents a global change. Birren (1965 Birren ( ,1974 and Welford (1977a Welford ( , 1981 Welford ( ,1984 have long contended that there are global, age-related changes that alter the timing of fundamental neural events and thereby cause all processing to proceed more slowly. This position leads to the prediction that tasks that require more processing will show a greater age difference, a prediction clearly supported by the data discussed earlier. However, this prediction is qualitative, whereas the precise, orderly relation recently discovered between the latencies of older and younger adults calls for an account of age-related changes that will lead to quantitative predictions.
A potential basis for the generation of such predictions is the neural noise hypothesis (e.g, Grossman & Szafran, 1956; Gregory, 1959; Welford, 1977a Welford, , 1981 Welford, ,1984 . This hypothesis holds that various age-related neurobiological changes result in a decreased signal-to-noise ratio throughout the central nervous system. This change in the signal-to-noise ratio may in turn result in elevated sensory thresholds, higher error rates for stimuli of the same intensity, and slower information processing by older adults. Although we speak in terms of information loss rather than neural noise (Grossman & Szafran, 1956; Gregory, 1959 , cited in Welford, 1984 to aid in distinguishing our model from related hypotheses, there are strong similarities between the information-loss model and the neural noise hypothesis. Both approaches assume that the human information-processing system is less than perfect, that the neurobiological changes associated with aging exacerbate this situation, and that the result is a decrease in the rate at which information is passed from one level to the next in the nervous system. Despite its considerable intuitive appeal and explanatory power, Cremer and Zeef (1987) have suggested that the neural noise hypothesis has suffered because it is too vague. They argued that there are at least two ways in which age-related changes might increase noise and attempted to differentiate them experimentally. They did this by comparing the performances of older adults with those of younger adults responding to visual stimuli that had been degraded in ways intended to simulate the hypothetical effects of neural noise. Their results indicated that older adults perform like younger adults viewing stimuli to which random dots had been added rather than like younger adults viewing stimuli in which the elements had been shifted slightly in position. Cremer and Zeef concluded that older nervous systems are noisier in the sense of having proportionally more random activity (random noise) rather than in the sense of having less precise relations between neuronal units (perturbed noise).
It is possible to further distinguish between two alternative conceptions of random noise that lead to clearly different, testable predictions concerning the relationship between the performances of older and younger adults. Both conceptions assume that at each step in the neural processing of information, as suggested earlier, a degraded pattern of inputs may still be de-tected, although it will take longer. Thus, neurons are able to compensate to some degree for age-related decreases in signalto-noise ratio by accumulating information longer. One possibility, a noncumulative noise hypothesis, is that the compensation is complete in the sense that there is no progressive decrease in signal-to-noise ratio through successive processing steps.
The other possibility, and this is the position of the information-loss model, is that the loss of information or decrease in the reliability of messages sent between neuronal ensembles is likely to be cumulative as processing proceeds. That is, longer step durations cannot compensate completely for decreased information, and such compensation is likely to be even less successful as advancing age is accompanied by neural losses and changes. Although there is some compensation for information loss at each processing step, there will be a residual that cannot be compensated for and to which an additional loss is added. With this cumulative information loss, more and more compensation is required, and successive processing steps become progressively slower. This is a critical point because the equivalent slowing of all steps that is implied by noncumulative noise and the progressive slowing of successive steps that is implied by cumulative noise lead to different predictions for the relation between the latencies of older and younger adults. Equivalent slowing of all processing steps predicts a proportional relation between the latencies of older and younger adults. Progressive slowing of successive steps predicts a nonlinear relation between the latencies of older and younger adults. This latter prediction is confirmed repeatedly when older and younger adults are compared on tasks of different degrees of complexity, at different levels of practice, at different levels of accuracy, and at different levels of performance. Thus, these findings support the assumption that noise accumulates during processing as described by the information-loss model. The hypothesis that the rate at which noise accumulates (or at which information is lost) during processing increases with advancing age also implies that the nonlinearity of the relation between the latencies of older and younger adults should increase with the age of the older group. The results of the Hale et al. (1987) meta-analysis are consistent with this hypothesis, which is also confirmed by the results of a recent experiment with multiple age groups . Cerella (1985) has recently proposed a theory of age-related slowing that assumes two general slowing factors: one that describes the slowing of peripheral, sensorimotor processes, and another that describes the slowing of central, cognitive-computational processes. Cerella's multilayered slowing model differs from our approach in that it distinguishes between two discrete classes of processes, whereas the information-loss model assumes a single class of processes and purely quantitative differences between tasks on the basis of the amount of computation required.
In applying his multilayered model to the data from the Cerella et al. (1980 ( ) meta-analysis, Cerella (1985 used two linear functions to describe the relationship between the latencies of older (mean age greater than 60 years) and younger adults: one function for data from control conditions assumed to involve predominantly sensorimotor processes, and one function for data from experimental conditions assumed to involve predominantly cognitive-computational processes. For the current purposes, it is important to note that the multilayered model predicts a single linear function when the peripheral, sensorimotor processes are held constant, whereas central cognitivecomputational processes are varied.
To demonstrate this prediction, consider Cerella's (1985) Equation 17, which decomposes the latencies of young adults into central and peripheral components:
where c is the proportion of the overall task involving computation and 1 -c is the complementary proportion involving sensorimotor operations. Assuming a central slowing factor, m c , and a peripheral slowing factor, m p , Cerella (1985, Eq. 18) 
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On the one hand, a single linear relation between older and younger adults' latencies would not have been expected for the data set analyzed by Cerella (1985; Cerella et al, 1980) because the peripheral sensorimotor processes varied greatly between studies (motor responses included card sorting, button and key presses, stylus movement, and operation of voice keys). On the other hand, the data presented in Figure 1 are from studies in which the contribution of peripheral processes was relatively constant: All of the studies used visual stimuli with intensities well above threshold, and the response was either pressing or releasing a button or key. Under such conditions, Cerella's multilayered model predicts a linear relation between older and younger adults' latencies (Equation 15). However, a linear function does not describe the data as well as the nonlinear relation predicted by the information-loss model (Equation 9) and has particular problems with tasks associated with both very long (Figure 1 ) and very short (Figures 1 and 4) latencies. Thus, the multilayered slowing model does not provide the best account of the data. Salthouse (1985b) proposed a theory of cognitive aging that also is concerned with global age-related changes in information processing. Although Salthouse has speculated about the cause or causes of general slowing, the focus of his processing rate theory is on the consequences of slower processing for memory performances. In addition to the ways in which Salthouse has suggested that slower processing can lead to poorer memory, the information-loss model suggests a further relation between processing speed and memory: Slower processing occurs because of information loss, and thus slow performance suggests that there is less information available to be stored for later recall. Thus, the concept of information loss offers a possible additional link between the two aspects of cognitive performance most affected by aging.
Concluding Remarks
The information-loss model explains age-related cognitive slowing as the consequence of neurobiological changes that lead to an increase in the proportion of information lost per processing step. The general nature of age-related slowing is demonstrated by the model's ability to predict the latencies of older adults from the latencies of younger adults on the same task without regard to the specific nature of the task. In addition, the information-loss model supplies strong theoretical links between the effects of task complexity and practice on response latencies, the process underlying trial-to-trial fluctuations in latency, and the nature of the speed-accuracy tradeoff.
Empirical support for such linkage is provided by the fact that all of these phenomena give rise to a single, nonlinear relation between the performances of older and younger adults.
The psychology of aging has tended to generate experimental hypotheses from cognitive theories that are derived from the performances of young adults. Salthouse (1980) has called for theories and hypotheses that are based directly on data concerning age differences in adult performance. The informationloss model is such a theory in that its inspiration comes directly from consideration of the results of experiments on the effect of age on processing speed rather than being adapted from existing theories of information processing. However, the present effort is equally concerned with both the fundamental nature of information processing and the way in which it is affected by age-related changes. From the standpoint of the informationloss model, these concerns are inextricably intertwined: To understand the relation between information processing in older and younger adults, it is necessary to consider the nature of the relation between information-processing hardware and software, and to evaluate ideas about the nature of cognitive processing, it is useful to test these ideas against data from experiments comparing performances of older and younger adults. In a certain sense, one can view age as a natural experiment as well as a fundamental aspect of the human experience, and it is to be hoped that psychologists will learn from both the experience and the experiment.
